Sensing technology is the key of intelligent packaging. A variety of different sensing systems for indicating freshness through intelligent packaging have been presented. Polyaniline (PANI) can change its color reversibly through the acid-base reaction with reactive compounds and has been widely used in different kinds of sensors. However, because PANI is insoluble in common organic solvents, this limits its practical usage in many applications. In this work, a highly stable polyanilinepoly(sodium 4-styrenesulfonate) (PANI:PSS) colloid has been developed as a facile colorimetric sensor of volatile amines. The results showed the PANI:PSS colloid is quite sensitive to changes in pH. When PANI:PSS colloids were homogenously deposited on filter paper, the paper are used as a sensor to detect triethylamine (TEA) vapor. The green color of the test paper changed to blue at a TEA concentration as low as 188 ppm.
INTRODUCTION
Developments in food packaging have been driven in recent years by increased demands on product safety. Packaging is required not only to protect the content, but also to offer information about the safety of the packed food. Dating shelf life on the package is one example. However, shelf life dating by estimation cannot offer real time information about the contents in the packaging. New intelligent packaging systems, combining advances in polymer science, biotechnology and electronics, are creating new possibilities to meet this demand. By definition, intelligent packaging is a technology using the communication function of the package to facilitate decision making to achieve the benefits of enhanced food quality and safety. 1 2 In other words, intelligent packaging is packaging that senses changes in the food and provides information on the freshness or readiness of the food in the packaging. For example, an intelligent packaging freshness indicator may change color if the food has perished. Freshness indicators inside the package could indicate the microbiological quality of the product. The change of * Author to whom correspondence should be addressed.
indicator is based on reactions between the indicator and the volatile metabolic products generated during growth of micro-organisms in the product. 3 Therefore, sensing technology is the key to intelligent packaging. A variety of different sensing systems for freshness indicators of intelligent packaging have been presented in the literature and patents. One example is a freshness indicator for fish and seafood products. Seafood products are very perishable. There is high interest in developing rapid methods to evaluate fish freshness by using general quality indicators. Freshness indicators or sensors of intelligent packaging have been developed to give an indication of the freshness of fish products at various stages along the supply chain, from 'harvest-tohome.' 4 Microbial growth in fish products results in reduced shelf life of the products and increased risk of food-borne diseases. Such microbial growth in fish products have been used as a tool for determining shelf life of stored fresh fish. 5 When fish products are spoiled by microorganisms, they also release a variety of basic volatile amines which are detectable and known as total volatile basic nitrogen (TVBN). TVBN comprises volatile amines, such as trimethylamine (TMA), dimethylamine (DMA) The TVBN changes the acidity of the material that absorbs it. This characteristic is used to design the sensing indicators which change color when placed in an acidic or basic environment. The colorimetric dye based label had been developed by Diamond's group. This intelligent package sensor includes a pH sensitive dye, bromocresol green, spin-coated onto optically clear PET substrate discs or deposited within paper ring reinforcements on PET substrate. The color change was monitored with an in-house developed reflectance colorimeter based on light emitting diodes (LEDs) and a photodetectors. 4 6 7 However, these water soluble small dye molecules may contaminate the food on contact. Another colorimetric method to detect TVBN is based on polyaniline (PANI) film. Polyaniline (PANI), the first studied conjugated polymer in history, shows very high environmental stability. 8 9 It can change its color reversibly through the acid-base reaction with reactive compounds; also its electrical conductivity will undergo several orders of magnitude of change. Moreover, it can be synthesized from commercially available starting materials under mild conditions via the oxidation method, which makes it a cost-effective versatile material. [10] [11] [12] [13] Due to the above mentioned advantages, it has been widely used in different kinds of sensors and electronic devices. 10 14 The PANI particle dispersion was cast directly on a polystyrene sheet. The color change was measured spectrophotometrically at a wavelength of 610 nm. 15 These sensor system responses were found to correlate with microbial growth patterns in fish products and enabled real time indication of spoilage of the product. These colorimetric methods could be further developed to have an effective visual indicator and decrease margins of error.
However, because PANI is insoluble in common organic solvents, this limits its practical usage in many applications. Recently, many water soluble polymeric nanomaterials were developed to meet the need of working in aqueous medium. 16 17 We also developed a method to prepare highly stable PANI:PSS colloids in water or buffer. 18 The PANI-PSS composite nanoparticles that are prepared from weak acids or low concentration of strong acids can form stable colloids in water or buffers over a range of pH from 1 to 11. The number of negative charges on PSS plays an important role in controlling the size of PANI-PSS composite nanoparticles during the polymerization process. The size of PANI-PSS composite nanoparticles are greater than 2 nm and less than 1000 nm, 18 the mixture of these particles are homogeneously dispersed in water or buffers. In the present work, we will use the highly stable PANI:PSS colloids to develop simple and facile colorimetric sensors of volatile amines. The potential application of this colloid in smart packaging for fish and seafood shelflife indicator is also demonstrated.
EXPERIMENTAL DETAILS

Reagents and Solutions
Aniline (anhydrous, 99%), ammonium peroxydisulfate (98%) were purchased from the Alfa Aesar company. Aniline was distilled under reduced pressure and stored in a freezer at 0 C. Poly(sodium 4-styrenesulfonate) (PSS) with Mw of ∼ 70,000, acetic acid, hydrochloric acid, and triethylamine were purchased from Sigma-Aldrich Co. Ltd.
Sample Preparations 2.2.1. Synthesis of PANI:PSS
The PANI:PSS samples were synthesized by a rapid mixing polymerization method. 11 Typically, the polymerization was performed in a 50-mL test tube. To synthesize the PANI:PSS composite, solutions of aniline (32 mM) were prepared by dissolving 35.8 mg aniline in 12 mL distilled water with various concentrations of doping acids from 40 mM to 1.0 M. Solutions of PSS were prepared by dissolving 41 mg of PSS in 12 mL of aqueous ammonium peroxydisulfate (8 mM) with various concentrations of doping acids from 40 mM to 1.0 M. The two solutions were mixed in the 50-mL test tube and the mixed solution was shaken vigorously for 5 min while polymerization occurred. The mixture was then placed in the dark for 24 h at room temperature until the polymerization reaction was complete. The molar ratio of aniline and 4-styrenesulfonate repeating unit in PSS in all the onset polymerization mixtures was 2:1 unless otherwise indicated. Excess acid and small molecules were removed from the as-prepared PANI:PSS dispersions by means of dialysis (dialysis tube, 12,000-14,000 g/mol cut-off, Fisher Scientific) in distilled water until neutral dispersion was achieved. After dialysis, 6 mL of PANI:PSS dispersions were transferred to an aluminum pan and dried in an oven at 45 C. The solids were weighed to determine the concentration of the dispersions.
Preparation of the PANI-PSS Colloids in Buffers
A buffer solution 19 containing 0.10 M citric acid, 0.10 M potassium dihydrogenphosphate, 0.10 M sodium tetraborate, 0.10 M tris(hydroxymethyl) aminomethane, and 0.1 M potassium chloride, was prepared. 1 mL of this buffer was diluted to 4 mL with distilled water, and hydrochloric acid or sodium hydroxide was added to adjust the pH of the solution to the desired value in the range of 0-11. Finally, 100 L of the neutral PANI:PSS dispersions from the dialysis tube were transferred to the 5-mL buffer solutions, and the resultant dispersions were used to study the stability of the dispersion and to make Ultravioletvisible (UV-Vis) absorption measurements on it.
Characterizations
UV-Vis spectra were recorded on a Lambda 2 spectrometer (Perkin-Elmer, Wellesley, MA). 
RESULTS AND DISCUSSION
The Homogeneity of PANI and PANI:PSS
One of the problems of using PANI as a sensor is that it is insoluble in most common solvents, which limits its practical usage in many applications. Most polymers used for packaging are based on uniform and thin films. To prepare a sensor for intelligent packaging, either a stable solution or a colloid containing very small particles of polymers is essential. To develop sensors with stable PANI:PSS colloids, the stability of colloid with PANI nanoparticles and PANI:PSS composite were compared. Figure 1 shows the stability of PANI and PANI:PSS composites in solution with different pH. For the PANI samples without the presence of PSS template during synthesis, they completely precipitate from the buffer solution even though dispersed in an aqueous solution with a low pH of 1. For the samples prepared with the presence of PSS during synthesis, PANI:PSS/HCl still show large amount of precipitates after standing for only several hours. On the contrary, the PANI:PSS/Acetic acid (PANI:PSS/Acet) sample is very stable in the buffer solutions within a wide range of pH. Even after placing it in quiet conditions for months, only trace amounts of precipitate can be observed. The stability and nanometer size of the PANI:PSS/Acet sample is attributed by the acidity or the proton concentration of the precursor solutions in the synthesis process, but not the types of PSS and the nature of acids, which have been reported previously. 18 For comparison of the homogeneity of polyaniline, the filter papers were dipped in the PANI containing solution which had been shaken well for 1 min and then dried in air to prepare some pH hydrate paper of polyaniline. As is shown in Figure 2 , the pH paper prepared from the dispersion of PANI/HCl shows large aggregates on the surface, leading to an inhomogeneous pH paper. Whereas, the pH paper prepared from PANI:PSS/Acet shows very homogeneous film. The reason for the homogeneity is the particles synthesized by PANI:PSS/Acet have smaller size and suspended more uniformly in aqueous solution, 18 the filter paper with porous structure would adsorb more homogenously. Therefore, It is indicated the PANI:PSS/Acet is more applicable to the development of cost-effective and convenient pH paper.
Photochemical Properties of PANI:PSS
To understand the characteristics of PANI:PSS/Acet, the UV-vis absorptions were studied as a function of the pH. The results showed in Figure 3(a) , the characteristic peaks of polyaniline appear at 310-360, 400-430, and 740-810 nm, which were attributed to - * transition, polaron- * , and -polaron transitions, respectively. 20 21 As the pH of the solution increases the intensity of the peak centered at ∼ 750 nm, which is correlated to the conjugation length of PANI backbone, gradually decreases. Meanwhile, when the pH of the solution is higher than 7, a peak at ca. 550 nm originating from the short conjugation backbone of PANI will appear and its intensity slowly increases. Furthermore, the peak at ca. 420 nm disappears and the peak at ca. 340 nm shifts to ∼ 315 nm, indicating the emeraldine base is formed. 21 The conjugation length undergoes abrupt change at pH = 7 as is indicated by the absorption intensity in 450-850 nm (Fig. 3(b) ). Also, this UV-vis absorption change is more obviously shown in Figure 3 (c). An inflexion can be extracted from a solution with a pH of 7, indicating that PANI:PSS/Acet sample is quite sensitive to change of pH. To further demonstrate this characteristic of PANI:PSS/Acet sample, the absorption intensity ratio (the maximum absorption intensity I at ca. 750 nm to the maximum absorption intensity I at ca. 340 nm) were plotted with the pH from 1 to 7, a straight line could be obtained as evidenced by the linear fit, which implied that PANI:PSS/Acet showed potential application in quantitative analysis of pH change. 
PANI:PSS/Acet Paper as Amine Sensor
According to the result of the first section, the homogenous PANI:PSS/Acet was deposited on filter paper as a sensor to detect triethylamine (TEA) vapor. As shown in Figure 4 , the green PANI:PSS/Acet strip was firstly wetted by neutral distilled water, and then put half in the vial which had been filled with an indicated concentration of TEA vapor. After only several seconds, we can observe that the green color of the test paper changed to blue at a TEA concentration as low as 188 ppm. To further check the color change of the PANI:PSS/Acet strips within the wide range of pH, they were dipped in a series of buffer solutions. As shown in Figure 4 (b), the dark green strip (pH = 1) will change into light green at a pH of 3-5, at a pH of 7, the strip will show light blue and it will increase to dark blue or even purple as the pH increases. This observation suggests that the PANI:PSS/Acet composite is a good pH indicator for amine sensor. various TEA vapor concentration without thickness calibration. After comparing all the obtained UV-vis absorption spectra, we find that they all have two characteristic peaks at ca. 800 nm and 340 nm, which are corresponding to the - * and -polaron transitions, respectively. In Figure 5 (d), there is a linear relationship between the absorption intensity ratio ( -polaron transition to - * transition) and pH observed, therefore we can also calibrate the thickness of the PANI:PSS/Acet solid films by using the absorption intensity ratio between -polaron transition to - * transition. After plotting this absorption intensity ratio with the concentration of TEA vapor, we can obtain the data points as shown in Figure 5(b) . However, by linear fitting the data points, we can get a nice linear fit, which indicates that PANI:PSS/Acet sample can really be used in quantitative analysis and low concentration TEA vapor detection. Figure 5 shows that the dynamic linear range between I 790 /I 340 is approximately between 50 ppm to 1000 ppm. The I 790 /I 340 of the film without amine had a standard error of 0.5%, i.e., the noise of I 790 /I 340 is 0.5%. According to analytical chemistry terms, a signal/noise ratio of 3 is regarded as the detection limit. Since the I 790 /I 340 of the film at 50 ppm of amine is 1.3% higher than that of I 790 /I 340 without amine, we drew the conclusion that the detection limit was approximately 50 ppm.
Potential Application
To demonstrate the potential application of this PANI:PSS/Acet colloid in smart packaging for food safety monitoring, a series PANI:PSS/Acet solutions with different pH were prepared. As is shown in Figure 6 , all the solutions show obvious color change at a low TEA concentration of 1 mg/100 ml except for the one dispersed in solution with a pH of 1, which indicates that the colloid samples are very sensitive to the amine content in solution. However, the extent of color change is different, which can help for developing different packaging for seafood having different freshness times. The quantitative studies of color change with concentration of TEA will be investigated in the future and reported in due course.
CONCLUSION
A reliable, and cost effective colorimetric amine sensors has been developed from the PANI:PSS colloid. The nanometer particle size and excellent stability of PANI:PSS/Acet colloid in a wide range of pH can be used to form a homogenous film for hydrate paper. Furthermore, due to the high sensitivity of this colloid, it can be used in quantitative detection of amines in solution and vapor. For a proof of concept, this study demonstrates that this technology can be developed into smart freshness indicators for seafood.
